Large-scale public genomic sequencing efforts have provided a wealth of vertebrate sequence data poised to provide insights into mammalian biology. These include deep genomic sequence coverage of human, mouse, rat, zebrafish, and two pufferfish (Fugu rubripes and Tetraodon nigroviridis) (Aparicio et al.
Large-scale public genomic sequencing efforts have provided a wealth of vertebrate sequence data poised to provide insights into mammalian biology. These include deep genomic sequence coverage of human, mouse, rat, zebrafish, and two pufferfish (Fugu rubripes and Tetraodon nigroviridis) ( . In addition, a high-priority has been placed on determining the genomic sequence of chimpanzee, dog, cow, frog, and chicken (Boguski 2002) . While only recently available, whole genome sequence data have provided the unique opportunity to globally compare complete genome contents. Furthermore, the shared evolutionary ancestry of vertebrate species has allowed the development of comparative genomic approaches to identify ancient conserved sequences with functionality. Accordingly, this review focuses on the initial comparison of available mammalian genomes and describes various insights derived from such analysis.
Comparison of the human and mouse genomes
The completion of a working draft assembly of the human genome in 2001 provided the first opportunity to catalog a mammalian genome and determine gene organization along its chromosomes (Lander et al. 2001; Venter et al. 2001) . With the recent completion of a draft sequence for the mouse genome, similar analyses are possible (Waterston et al. 2002) . While the mouse genome sequence received the distinction as the mammalian genome runnerup, its availability has provided the first chance for a comparison of two mammalian genomes. In this section, several examples of the large number of insights derived from human/mouse genome analysis are described.
One somewhat unexpected finding based on comparison of the human and mouse genomes was the difference in total genome size. While this was not obviously apparent based on previous gene-bygene comparisons, a whole-genome analysis revealed the mouse genome is 14% smaller than that of the human (Waterston et al. 2002) . It has been proposed that the genome size difference between human (2.9Gb) and mouse (2.5Gb) is due to higher rates of sequence deletion in the mouse genome. Though the mouse genome is slightly smaller, it was confirmed that the gene content and its linear organization along the chromosome are highly similar to those in humans (Waterston et al. 2002) . Whole-genome comparison revealed 340 human/mouse syntenic segments, only slightly more than previous estimates of shared co-linear genomic blocks maintained since the last common ancestor of humans and mice (Hudson et al. 2001; Nadeau and Taylor 1984) .
A second noted difference between the human and mouse genomes has been the overall rate of neutral substitution. By examination of ancient repeats which arose prior to the last common ancestor of humans and mice, it was found that mice have approximately twice as many nucleotide substitutions as do humans (0.34 versus 0.17 substitutions per site; Waterston et al. 2002) . While it remains unclear why this has occurred, one possible explanation is the shorter generation time and consequent increased amount of selection in mice relative to humans (Li et al. 1996) . Regardless, these findings have important implications for mammalian comparative genomics. As an example, the observation of increased rates of evolutionary sequence change in mammals with shorter generation times readily translates into decreased orthologous DNA sequence conservation. In Fig. 1 , the VISTA comparative sequence plot provides pair-wise comparison of the apolipoprotein A1 (APOA1) gene in human, rabbit, and mouse . In this analysis, it can be visualized that the highest degree of conservation exists between human/rabbit, followed by human/ mouse, and lastly mouse/rabbit. This is consistent with mice and rabbits having a shorter generation relative to humans. This phenomenon supports that a wide range of sequence divergence is present in Mammalia depending on the individual species selected for comparison. Thus, it is likely that as additional mammalian species are sequenced, future comparative genomic efforts will be even better poised to identify functionally conserved sequences.
In addition, human/mouse comparison confirmed that the mammalian genome has evolved at a non-uniform rate across the genome (Gottgens et Waterston et al. 2002) . By examining 5-Mb windows across the human/mouse genome, it was shown that nucleotide substitution rates vary in ancestral repeats greater than ten-fold more than expected under a uniform substitution process (Waterston et al. 2002 ).
Again, the explanation for this observation is unknown but is hypothesized to be a function of local differences in DNA sequence mutation rates. In mammalian comparative genomics, this finding also has important implications, since each region of the genome has evolved at varying rates. This emphasizes the importance of identifying the proper evolutionary distance for sequence comparisons to provide the ideal window for identifying conserved sequences with potential functionality. In response to this finding, the UC Santa Cruz Genome Browser has added a comparative sequence track that takes into account regional variation in DNA sequence change (Kent et al. 2002) . For instance, human/ mouse comparative data are presented as a track with running plots displaying ''L-scores'' to indicate the level of conservation (Fig. 2) . Regions of high conservation in otherwise non-conserved regions receive higher L-scores than regions of conservation in relatively highly conserved intervals. This strategy incorporates the assumption that conservation in regions with faster neutral rates of change is more likely to be functional than conservation in slowly evolving intervals. As an example, a known liver enhancer upstream of the APOA1 gene is found to coincide with a conserved region receiving a high L-score in an interval devoid of other conserved noncoding sequences (Fig. 2) . This supports the notion that the identification of regions of the human/ mouse genome with high L-scores can reveal functionally important sequences.
The nature of conserved mammalian DNA.
Comparison of the human and mouse genomes led to the unexpected result that 40% of the human genome basepairs can be aligned to the mouse genome at the nucleotide level (Waterston et al. 2002) . Similar analysis with a more stringent criterion (70% nucleotide identity over 100 bp) further supports the existence of more than one million human/mouse conserved elements (Couronne et al. 2003) . What explanations are there for this large amount of human/mouse conservation?
Might a significant fraction of the large number of human/mouse conserved elements be due to misalignments? Comparison of three different human/ mouse whole-genome alignments revealed that less than 80% of identified conserved noncoding sequences overlapped (Couronne et al. 2003; Waterston et al. 2002) . This supports that current human/ mouse alignments are not perfect, and there are several explanations for this inconsistency. First, analysis of one human/mouse whole-genome alignment found that 2% of the human genome was covered by more than one mouse sequence. This Pair-wise VISTA comparisons of the human, mouse, and rabbit apolipoprotein A1 (APOA1) gene reveals different levels of DNA sequence conservation. Human/ mouse, human/rabbit, and mouse/rabbit sequence comparisons are plotted in the top, middle, and bottom panel, respectively. As an example, in the top panel 6 kb of human sequence is represented on the x-axis, and the percentage similarity to mouse is plotted on the y-axis. The graphical plot is based on sliding window analysis of the underlying genomic alignment; in this illustration, a 100-bp window is used, which slides at 40-bp nucleotide increments. Gene orientation and exon location are depicted above the VISTA plot. Note the lower level of conservation for both coding and noncoding sequences for mouse versus rabbit comparisons relative to either human/mouse or human/rabbit. may be due to significant problems with alignment programs (false-positive alignments) or real mouse duplication events. Indeed, analysis of coding regions indicates that approximately 80% of mouse genes have a direct 1:1-ortholog in the human genome, but the remaining 20% of mouse genes are not unique to the mouse genome (Waterston et al. 2002) . The large number of gene family expansions and deletions that have occurred independently in both humans and mice accounts for this discrepancy. Furthermore, separate analyses indicate that the human genome appears to have 5% segmental duplication with blocks of 10 kb or greater (Bailey et al. 2002) . Thus, these genome peculiarities create clear problems in genome-to-genome alignments. Regardless, with three independent human/mouse alignment programs overlapping 80% of conserved noncoding sequences, a large fraction of human/ mouse sequence conservation appears to have been correctly identified. Further refinements of genome alignment algorithms and strategies should reduce the relatively small amount of potential nonorthologous alignment.
One obvious category of DNA displaying conservation between human and mouse is exons. This is not unexpected, owing to the known functional importance of the proteins that they encode and the similar gene content between these two mammalian species. In both species, it has been estimated that there are 200,000 exons, the vast majority of which share an orthologous relationship (Lander et al. 2001; Venter et al. 2001; Waterston et al. 2002) . Making the assumption that most exons are conserved between human and mouse, this still leaves more than 800,000 conserved elements that do not coincide with coding sequence. Thus, more than four out of five conserved human/mouse elements appear to reside in noncoding DNA.
With all this apparent conservation outside of coding sequence, what (if any) function(s) might this large number of elements perform? Crude estimates have suggested that 5% of the mammalian genome is under selection owing to functional constraints (Waterston et al. 2002 ). If we assume that 1.5% of the genome is functionally constrained owing to exons, then 3.5% of the genome (twice as much as in exons) is conserved owing to noncoding DNA functions. From the apparent existence of approximately 200,000 human/mouse conserved elements that overlap exons, we might conclude that 400,000 conserved elements are due to functions in noncoding DNA. While these estimates are based on many extrapolations, they provide a framework for understanding the nature of conserved human/ mouse DNA. A major challenge ahead lies in determining which fraction of noncoding conservation is functional and the exact biological functions.
Although we have very few clues as to the immediate functional significance of mammalian noncoding conservation, gene regulatory elements represent one category of functional noncoding DNA. Though our ability to identify gene regulatory elements is limited, recent success with comparative genomic strategies has proven their ability to uncover important gene regulatory elements DNA is a powerful strategy to reveal gene regulatory elements. Complementary efforts are also needed to catalog noncoding DNA with functions beyond gene regulation such as chromosomal pairing, replication and higher order chromatin structure.
Comparative sequence analysis
The recent explosion of genomic sequence availability from higher eukaryotes has sparked new strategies to uncover functional regions of the mammalian genome ( . Traditional approaches required the painstaking isolation of DNA fragments and largely random searches to identify functional coding and noncoding elements. Today, DNA sequence data are routinely obtained by using computational homology searches (Altschul et al. 1990 ) and subsequent requests for clones maintained in large cDNA and genomic clone repositories (Lennon et al. 1996; Osoegawa et al. 2000 Osoegawa et al. , 2001 ). In addition to immediately providing sequence information and reagents for biologists, this technical shift has had a profound secondary effect. Specifically, the wealth of sequence data has provided the means for comparing the genomic sequence from numerous vertebrate species. This strategy is based on the search for evolutionary conserved sequences and the hypothesis that highly conserved sequences are functionally important. The new paradigm of utilizing genomic sequence data to select regions of the human genome for functional studies has provided a vast dataset ripe for targeted analysis. While still in its infancy for vertebrate genomes, the power of this approach has become readily apparent (Aparicio et Schwartz et al. 2003) . As an example of the VISTA and PIP outputs, the human/mouse mitochondria outer membrane protein 40 (TOM40) gene was compared by both programs (Fig. 3) . Though very little is known about the function of mammalian TOM40, note the high level of conservation of exons between human and mouse. In addition, a highly conserved noncoding sequence upstream of the TOM40 proximal promoter is visible. Such a conserved peak represents a candidate noncoding sequence for a role in regulating the TOM40 gene and warrants further experimental investigation.
In addition to custom comparative genomic analysis driven by user input sequences, preprocessed whole-genome comparative data are also available. VISTA Genome Browser is a web-based browser for interactively visualizing comparative sequence data in a VISTA plot format (http:// www.pipeline.lbl.gov). Alternatively, the UCSC Genome Browser contains a vast amount of genome annotation with features that include comparative sequence data (http:/genome.ucsc.edu) (Kent et al. 2002) . These two browsers contain thorough gene annotation data that provide a searchable entry point and reference for comparative plots. Though most of the comparative genome data are currently for human versus mouse, the rat genome has recently been integrated into both databases.
Discoveries. Even with the only recent generation of genomic sequence for various vertebrates, numerous biological discoveries have been possible. Examples include the identification of new genes and the inventory of differences in gene family content. For instance, through comparative sequence analysis, the apolipoprotein A5 (APOA5) gene was recently uncovered in an extremely wellstudied genomic interval based solely on its conservation between humans and mice ). Initiated by this purely sequence-based discovery, follow-up functional studies have consistently showed the importance of APOA5 in influencing triglyceride levels in humans and mice (Endo et al. 2002; Nabika et al. 2002; Pennacchio et al. , 2002 Ribalta et al. 2002; Talmud et al. 2002) . Other insightful studies have targeted olfactory and pheromone receptor gene families and revealed vast differences in gene family number between humans and mice (Dehal et al. 2001 ). For both receptor classes, large numbers of human gene family members were found to have been inactivated since the last common ancestor of humans and mice. These gene content differences are strongly correlated with the reduced smell and pheromone response in humans relative to mice.
Comparative genomics has also yielded insights into gene regulation. For example, examination of an interleukin (IL) gene cluster on human Chromosome (Chr) 5 revealed a highly conserved noncoding sequence (CNS1) which was subsequently shown to be responsible for the co-activation of IL-4, IL-5, and IL-13 . In a second unrelated study, the stem cell leukemia (SCL) gene was examined in human, mouse, chicken, fugu, and zebrafish (Gottgens et al. 2002) . Through the use of ''phylogenetic footprinting'' (Gumucio et al. 1996 ) across these five species, two highly conserved promoter sequences were identified and shown to be necessary for full SCL expression in erythroid cells. These briefly described studies provide several examples of a comparative genomic starting point that can reveal both coding and noncoding functional elements.
Comparative utility of non-mammalian species. Examination of highly conserved human/fish sequence has also proved to be a powerful approach for uncovering novel mammalian genes (Aparicio et al. 2002; Gilligan et al. 2002) . Early on in the Human Genome Project, the pufferfish, Fugu rubripes, was proposed as a reference genome to aid in annotating human sequence (Aparicio and Brenner 1997; Brenner et al. 1993; Elgar 1996) . This was based on the evolutionary position of pufferfish relative to humans as well as its notably compact genome size. As an example, 85 kb of fugu sequence containing 17 known genes was compared with homologous regions in the human genome, and, based on conservation, three novel human genes were identified (Gilligan et al. 2002) . This one specific example confirms the utility of fugu as a complementary species for comparative genomics and supports its ability to pinpoint additional novel genes. Indeed, recent genome-wide comparisons between the human and fugu genomes have revealed 1,000 novel human genes based solely on conservation (Aparicio et al. 2002) .
Comparative genomics has also supported that human/fugu conservation can reveal gene regulatory elements. In a seminal study, Aparicio et al. (1995) compared the mouse and fugu Hoxb-4 gene and revealed several intervals of noncoding DNA displaying high levels of homology (Aparicio et al. 1995) . Functional studies on one conserved element indicated the mouse sequence was responsible for neural expression in a transgenic mouse assay and, in parallel work, that the orthologous fugu sequence could also direct hind-brain expression. Kimura et al. 1997; Rowitch et al. 1998; Venkatesh et al. 1997 ). These studies highlight that a comparative genomic-driven approach can be successful for identifying gene-regulatory elements even in distant mammal/fish comparisons.
A second powerful way to use human/fugu comparisons is to identify distant mammalian regulatory elements. Since the fugu genome is about one-eighth the size of the mammalian genome, both exons and gene-regulatory elements are on average 90% closer in fugu relative to mammals. Furthermore, these sequences are likely to be functional, since they have been conserved during 450 million years of vertebrate evolution. Thus, the identification of noncoding conserved sequences that are in close proximity to a fugu gene but are found at a distance from the mammalian ortholog would be expected to reveal distant gene regulatory elements.
As an example, comparisons were performed between 3,700 kb around the human SOX9 gene and 195 kb of orthologous fugu sequence (Bagheri-Fam et al. 2001 ). This analysis revealed five conserved noncoding elements up to 290 kb upstream of human SOX9, while all of these elements were found within 18 kb of the fugu promoter. Functional studies of these elements have not yet been performed, though this study suggests that fugu comparisons with the mammalian genome can be used to reduce the search space for long-range, generegulatory elements and to direct attention to sequences otherwise unlikely to be tested functionally 
Conclusion
The recent completion of the mouse genome has provided the first opportunity to compare the whole genomes of two mammalian species. In addition to cataloging genome similarities and differences between human and mouse, these data have driven the development of comparative sequence databases and web-accessible browsers for the retrieval of evolutionarily conserved sequence data. Such resources are providing biologists with an entry point for comparative sequence-based analysis of a gene or interval of interest. Through this portal, several biological insights have already been gained, with many more anticipated in the near future.
While computational approaches for comparing and analyzing sequence from multiple species are rapidly advancing, the ability to assign biological function to sequence has lagged. Accordingly, the most important challenge in deciphering the vocabulary of the mammalian genome lies in the area of high throughput biological studies linked to sequence. Comparative genomic strategies are providing large datasets of highly conserved mammalian sequences, but high throughput biological experimentation is necessary to ultimately prove their function.
With the recent draft sequence completion of the rat genome and additional mammalian species slated in the near future, powerful multiple species sequence comparisons will be possible. These data will further drive comparative genomic discoveries of additional coding and noncoding functional elements within the genomes of mammals. Furthermore, deep sequence alignments will allow for the reconstruction of the last common ancestor of Mammalia and will help to explain changes that are unique to a given species. Through a better understanding of genomic sequence speciation events, we will likely be able to explain the genetic basis for numerous biochemical and structural differences between mammalian species.
